The laser-induced thermal tuft is a new flow visualization technique for simulating traditional tufts with a thermal plume. A laser is used to heat a point of interest on a windtunnel model, causing downstream convection of thermal energy from the heated spot. A temperature-sensitive coating is used to visualize the thermal plume. This technique can be used to indicate flow direction, locate regions of separated flow, and detect laminar/turbulent transition. One primary advantage of thermal tufts is that the measurement technique is less intrusive than traditional tufts. In addition, thermal tufts may be generated at any optically-accessible point during a test, whereas string tufts must be applied to specified locations before a test. This enables greater experimental efficiency, which is particularly important in large-scale ground-testing facilities. This work extends and develops the thermal tuft concept by employing temperature-sensitive paint, as well as the previously used thermochromic liquid crystals. The effect of various substrate materials on tuft quality is evaluated. Calibrations of tuft length dependency on Reynolds number and laser power are made. Furthermore, a computational model is developed to simulate the tuft shape and structure. Finally, a new variation of the technique is presented, based on thermal ablation of the substrate material. 
Introduction and Background
HERMAL tufts are a relatively new flow-visualization technique, based on the downstream convection of heat from a locally-heated spot. A traversable laser is used to heat any optically-accessible point on the model. Temperature-sensitive coatings are used to detect the thermal plume, while the orientation and shape of the plumes indicate flow direction and speed. A typical example of a laser-induced thermal tuft is shown in Figure 1 . Scientific-grade CCD cameras, or even consumer-grade digital cameras may be used to visualize the flowfield. The technique is unique in that the tufts can be positioned at any point on a model during a wind-tunnel run, without having to stop the tunnel for model modification. This allows the experimentalist to maximize productivity and enables detailed study of regions of interest in the flow. A second significant advantage of thermal tufts over traditional tufts is the lack of flow interference. The thermal tuft technique is relatively non-American Institute of Aeronautics and Astronautics intrusive because the only model modification required is the application of a thin layer of a temperature-sensitive coating. A diagram representing the thermal tuft technique is shown in Figure 2 .
The key element of the thermal tuft technique is the sensing layer that coats the model. The sensing layer can be comprised of thermochromic liquid crystals (TLC), temperature-sensitive paint (TSP), or thermographic phosphors. Thermochromic liquid crystals are a temperature-sensitive coating that changes color over a specific temperature range. The typical progression in colors is from red to green to blue as temperature increases. The color change may be recorded with any color camera, including consumer-grade digital cameras. TLCs have commonly been used in aerodynamic applications for measurement of surface temperature and heat transfer properties. [1] [2] [3] Temperature-sensitive paint is another optical method for measuring surface temperature, but this technique is based on a change in intensity of the emitted light from the paint. 4, 5 An illumination source is required to excite the paint, and a scientific-grade CCD camera is required to record the change in light level. The intensity of the TSP is inversely proportional to the surface temperature. A third measurement technique is thermographic phosphors. 6 The experimental methods of the phosphor technique are similar to temperaturesensitive paint techniques, involving a change of intensity.
The chemical sensor in phosphors produces phosphorescent emission, rather than the luminescent emission of organic compounds used with TSP.
The thermal tuft flow visualization technique was originally proposed in a paper by Baughn et al. in 1995. 7 In this work, they briefly described the laser-induced thermal tuft method, and used the technique to detect boundary layer separation on a turbine blade. Several years later, Batchelder and Moffat 8 employed the thermal tuft technique for visualization of flow direction about a cylinder. In this work, however, a laser was not used to induce the thermal tufts. Instead, an array of heated pins contacted the surface to generate the tufts on thermochromic liquid crystals. A complete description of the laser-induced thermal tuft technique is in the U.S. Patent awarded to Rivir et al. in 1999. 9 In subsequent work, Hunt and Pantoya 10 used the thermal tuft technique to quantify flow velocities by measuring tuft length, particularly at low speeds. They also applied the technique to visualization of flow about a cylinder. Byerley et al. 11 created a new variation on the technique by generating cooled thermal tufts, rather than heated spots. To accomplish this, they affixed reflective spots on a model and heated the entire model with infrared heaters. Each reflective spot was cool relative to the rest of the model, and a plume of cooler air created a tuft with a temperature gradient opposite of the heated-spot technique. In addition to the aforementioned applications, Butler et al. 12 and Byerley et al. 13 used the technique to detect the location and size of a separation bubble on a turbine blade. In Byerley's work, 13 they defined an eccentricity parameter to quantify the size and shape of the thermal tuft.
At the time the work presented in this paper was completed (2000), the authors were unaware of the existence or prior development of the thermal tuft flow visualization technique. The authors independently developed this method, based on their expertise in thermal coatings. The idea in this case came from experiments using a laser spot with temperature-sensitive paint for heat transfer measurements. 14, 15 It wasn't until the authors learned of Hunt and Pantoya's paper 10 that they became aware of the prior work done with the thermal tuft technique. This work builds upon prior development in the following ways. Various substrate materials are evaluated for their effect on the size and shape of the thermal tuft. Both flow velocity and incident laser power affect the characteristics of the thermal tuft, and these effects are characterized. For a constant laser power, this effectively allows velocity measurement based on tuft length. A computational model was developed and is presented as a tool for characterizing the effect of various parameters on tuft geometry. Furthermore, temperature-sensitive paint is demonstrated as an alternative to thermochromic liquid crystals as the sensing layer. The final contribution of this work is the demonstration of a new variation of the thermal tuft technique based on ablation and downstream transport of molten substrate. 
Experimental Setup
A compressible nozzle facility was used to demonstrate the thermal tuft technique, as shown in the experimental setup diagram in Figure 3 . A solid-state IR laser was used to heat a spot in the flowfield. The IR laser has a wavelength of 1064 nm and a maximum power output of approximately 277 mW. A variable neutraldensity filter wheel positioned at the laser output controlled the laser power. A Newport laser power meter (818-SL) was used to measure the output power of the IR laser when attenuated with the neutral density filter. The compressible nozzle was comprised of a 1.9 cm (3/4") jet nozzle, supplied with air from a plenum chamber. The plenum was supplied with shop air and instrumented with a pressure transducer and thermocouple. The test sample was placed at a 5° angle with respect to the axis of the nozzle exit. The shallow angle to the freestream was used, rather than an angle of 0°, to generate longer tufts. Furthermore, a jet impinging on a plate at a slight angle creates a spread of angular flow across the surface, providing a more interesting flowfield for flow visualization.
The test specimen was a small sample of a temperature-sensing layer -either temperature-sensitive paint (TSP) or thermochromic liquid crystals (TLC). The temperature-sensitive paint formulation was composed of the Europium (III) Thenoyltrifluoro-acetonate, 3-Hydrate (EuTTA) compound. The EuTTA compound was chosen because it makes for a very bright paint. The EuTTA was mixed in equal parts of paint thinner and a binder of model airplane dope. The paint was then applied to the substrate by either spraying or brushing. If the TSP was brushed directly on the substrate, a binder was unnecessary. The temperature-sensitive paint was applied to a heatabsorbing layer, either black or gray tape in this case. For TSP measurements, an ultraviolet light source excited the paint, and the tufts were imaged with a 12-bit scientific-grade CCD camera. A set of optical filters were mounted on the camera lens to remove the ultraviolet and IR light from the image. The filter set was comprised of a 590-nm long-pass filter for elimination of UV and a 1000-nm short-pass filter for IR.
The thermochromic liquid crystals used in these experiments were in sheet form, Hallcrest model BM/R29C4W/C11/FA. Table 1 indicates the color ranges of the liquid crystals, corresponding to a 4°C bandwidth. This particular liquid crystal sheet was composed of a black painted background, a layer of liquid crystals, and a 0.125 mm thick Mylar sheet on top. The sheet has an adhesive backing, which was used to affix the liquid crystals to an insulating substrate layer. A consumergrade color digital camera was used for imaging the thermal tufts, and ambient lighting was used for illumination.
Results and Discussion
The quality of the thermal tufts is dependent on many parameters. When considering the concept of the technique (shown pictorially in Figure 2 ), the three most dominant parameters are laser power, flow velocity, and substrate material. The substrate material affects how much thermal energy is absorbed from the incident IR laser energy. The radiative heat transfer will depend on the absorptivity of the substrate. The thermal conductivity of the substrate also dictates the extent of radial conduction of thermal energy away from the heated spot. An ideal substrate will absorb a large amount of thermal energy, but conduct little radial heat away from the spot. This will produce a heated spot with the highest temperature possible, while minimizing the radius of the heated area on the surface. A small heated area will yield a tuft with a smaller radius and larger aspect ratio (length / width). Similarly, the temperature of the heated spot should increase with the incident laser power. The velocity of the freestream will have an effect on the thermal boundary layer, transporting the heat downstream. The boundary layer characteristics, whether laminar or turbulent, will also have an effect on the downstream transport and dissipation of heat energy. The following sections summarize the results from the development of the thermal tuft technique. Several different substrate materials are evaluated, and qualitative assessments are made on tuft quality. The responses of the tuft length and width to the velocity and laser power parameters are characterized. A few experimental observations are presented, demonstrating the utility of the thermal tuft technique. Furthermore, a computational model is presented, that allows for evaluation of parameters such as laser power, flow velocity and direction, etc. In the penultimate section, the thermal tuft technique is extended to temperature-sensitive paint measurements. Finally, ablative tufts are demonstrated as a new variation on the thermal tuft technique. The ultimate goal of these experiments is to understand the mechanisms behind the generation of thermal tufts, and to evaluate the relevant parameters to optimize the tuft shape.
A. Selection of Substrate Material
The choice of the substrate material has a significant affect on the quality and size of the tuft that is generated by the infrared laser. Therefore, a comparison of the tufts generated with various insulating layers gives an indication of the best material to select for future experiments. The materials selected for this study are balsa wood on aluminum sheet backing (oriented with-grain and cross-grain), corrugated cardboard, heavy paper (a manila file folder), acrylic, plywood (oriented withgrain and cross-grain), a thin aluminum sheet, and a thick aluminum plate. These materials were chosen due to their availability, thermal conductivity characteristics, and their potential for use in a wind tunnel environment. The thermal properties of each of these materials are listed in Table 2 . [16] [17] [18] The flow velocity for the substrate material comparisons was 4.9 m/s, and the laser power was 277 mW.
A qualitative comparison between the tufts on each substrate material can be made by evaluating the images in Figure 4 . The best substrate material appears to be cardboard, as shown in Figure 4 (b). Other noteworthy substrate materials are balsa wood (a) and plywood (e and f). Not surprisingly, the substrate materials that provide the highest-quality tufts are also materials that are inherently good insulators. The low thermal conductivity of these materials mitigates the radial conduction of thermal energy away from the laser-heated spot. Notice that both the aluminum sheet and the aluminum plate produce poor results. This is unfortunate, since many models used in ground testing are manufactured from metal such as aluminum or stainless steel. One potential solution is to apply a supplementary insulating layer between the model and the thermochromic liquid crystals. From a practical standpoint, balsa wood is one of the easiest insulating materials to apply to a wind tunnel model. For this reason, balsa was used for subsequent experiments studying the variation of laser power and flow velocity. One important caveat regarding these results is worth mentioning. Due to limitations in the experimental facility, it was difficult to position the substrate material in the exact same position relative to the jet nozzle for each experiment. Thus, there may be a variation in boundary layer characteristics between the various tests depicted in Figure 4 . The general trends should be considered reliable, however. One interesting phenomenon is seen in the results for the plywood insulating material (and also the balsa wood, to a lesser extent). The orientation of the wood grain clearly affects the shape of the tuft. When Figure 4 (e) is compared with Figure 4 (f) for plywood, it can be seen that the cross-grain orientation makes the tuft somewhat thicker in the direction normal to the freestream. This increase in thickness is most likely due to the anisotropic properties of wood. Thermal conductivity is greater in the grain direction than the cross-grain direction. Thus, the cross-grain orientation of the wood enlarges the width of the tuft. Since wider tufts are generally undesirable, the wood grain should be oriented in a direction parallel to the freestream. A better solution is to use an insulating material with isotropic thermal properties.
B. Thermal Tuft Response to Velocity Variation
The length of the thermal tufts will vary with respect to the freestream velocity, or more appropriately, Reynolds number. The tuft geometry can be characterized by measuring the length and width of the tuft, as shown in Figure  5 . The length (l) is defined as the distance from the laser spot to the furthest location in the tail of the thermal tuft. Width (w) is defined as the radius of the tuft, from the laser spot at the center to the edge. The aspect ratio of the tuft is defined as
which is similar to the definition proposed by Byerley et al. 13 The Reynolds number associated with a particular flow velocity is calculated by
where µ is 1.846x10 -5 kg/m/s, ρ is 1.152 kg/m 3 , and x (distance from the nozzle) is 8.34x10
-3 m. The velocity for these experiments ranged from 10 up to 60 m/s. The laser power was a constant 277 mW, with an ambient temperature of 300 K.
In this analysis, the tuft direction and length were subjectively determined using an image-processing program. The accuracy of this method is relatively low, but it is sufficient as an initial proof of concept. One possible improvement to the process would be to develop an algorithm that determines the laser spot location, and automatically dimensions the tuft. The uncertainty in velocity measurements ranged from 0.015 to 5.6%, calculated using the traditional uncertainty formulation found in Appendix F of Fox and McDonald. 19 The uncertainty in the tuft length is less rigorously quantified however. Each image was analyzed twice to determine repeatability. Analysis shows that an error of plus or minus 5 pixels in length is typical, corresponding to a measurement error of plus or minus 0.4 mm. For long tufts at low speed, the edge of the tuft is fairly blurred, making it difficult to accurately determine the edge. For short tufts (corresponding to sharp temperature gradients), the edge of the tuft is more well-defined. Analysis of the images produces data relating the effect of velocity on tuft length and width. This data is plotted in Figure 6 , along with error bars for velocity and tuft length. This graph shows that the tuft length decreases as the velocity increases and begins to flatten out at . A second order polynomial curve fit appears to accurately represent the data (although an exponential fit may fall within the error bars as well). There is not necessarily any physical significance to the second order fit; rather the polynomial seems to follow the data trend well. The tuft width is approximately linear and varies much less with velocity than the length, indicating that this flow visualization technique is much more useful for low-speed flows. The tuft length curve and tuft width curve should asymptotically approach one another as speed increases. As the flow rate increases, the air convected from the heated laser spot has less contact time with the liquid crystals downstream. Therefore, the effect of the heated spot is not felt as far downstream at high speeds. In the limiting case, the velocity is too high to cause the crystals to react at all, and the spot size becomes a function of conduction only. In this case, the tuft length and width would be approximately equal (AR = 1).
The velocity variation data presented in Figure 6 represents a trend that is opposite from previously reported results. Hunt and Pantoya 10 presented results demonstrating a linear increase in tuft length with flow velocity. The discrepancy between these results may be explained by differing boundary layer characteristics. Hunt and Pantoya were careful to ensure laminar flow over their wind tunnel model. In the current experiments, however, the flow is most likely turbulent. The jet exiting from the nozzle passes over the edge of the plate, which most likely trips the boundary layer and induces turbulent flow. A turbulent boundary layer will enhance mixing of the thermal boundary layer with the freestream, thus reducing tuft length as flow velocity is increased. A laminar boundary layer, however, will induce little mixing; when velocity increases, the thermal energy is advected further downstream and a longer tuft is produced. Further experiments are needed to verify the difference in tuft performance between laminar and turbulent boundary layers.
C. Thermal Tuft Response to Laser Power Variation
Similar experiments for evaluating the effect of incident laser power on the tuft length reveal an increase in tuft length with laser power. A neutral-density filter wheel was used at the laser output to attenuate the incident laser energy reaching the surface. The incident energy was measured at each setting with a laser power meter. The flow velocity was 4.9 m/s, and the ambient temperature was 299 K. The tuft length was measured in the manner defined by Figure 5 .
Results from the laser power variation tests are shown in Figure 7 . Estimated error in length measurements is the same as the previous case (plus or minus 0.4 mm), and the accuracy of the power measurements is specified by the manufacturer as ± 3%. One interesting feature of these results is that the highest laser power produces the longest tufts with the highest aspect ratio. This is an intuitive result, since the high laser power will create a large temperature difference between the model surface and the freestream. Once can expect this temperature gradient to be advected further downstream.
A logarithmic fit is applied to both curves, but in two separate regions. There is a discontinuity in the slope of the log fit at approximately 100 mW laser power. This discontinuity is most likely due to melting of the Mylar layer that encapsulates the liquid crystals, which was observed to occur at 100 mW power. When the Mylar layer melts, the absorptivity characteristics of the layer must change, affecting the amount of thermal energy imparted to the liquid crystals by the laser. Also, the melted Mylar layer may introduce small disturbances in the boundary layer, which could affect the length of the thermal tuft. The quality of the logarithmic fit is a striking feature of the relationship between tuft length and incident laser power. 
D. Experimental Observations 1. Natural Convection
The effects of natural convection are a potential source of error that must be considered when making measurements with thermal tufts. This becomes an issue when the model or surface being tested is mounted vertically, such that buoyancy forces are no longer negligible. In the experiments presented in this work, the temperature-sensing specimen was always mounted in the vertical orientation. An example of a thermal tuft due to natural convection is shown in Figure 8 . This image represents a case with quiescent flow conditions. The thermal boundary layer develops because of the buoyancy of the less dense air in the heated region. Byerley, et al. 11 have pointed out that thermal tufts are particularly useful in vertical applications because the experimentalist does not have to worry about dripping oil from other flow visualization techniques. While this is true, the experimentalist must be aware of the effects of natural convection. It was found that natural convection became negligible when the flow velocity exceeded ~1 m/s. Even in higher-speed flows, however, regions of separated flow may have very low local flow velocity and natural convection may dominate the shape of a tuft.
Location of Reattachment
It is possible to use the thermal tuft technique to determine the location of separation and reattachment regions in a flow. In one test, the heated laser spot was placed in a flow reattachment region. This produced a tuft that actually propagates in two separate flow directions, as shown in Figure  9 . By traversing the laser and observing the tuft(s), it is possible to locate the reattachment point accurately. Separation and reattachment in fluid dynamics are often unsteady phenomena. The thermal tuft technique, however, is inherently a steady-state flow visualization method. The liquid crystals do not respond quickly enough to indicate unsteady fluctuations in the flow. This is one limitation of the thermal tuft method, as compared to traditional string tufts.
This should be considered when making measurements in separated flows or other unsteady flowfields.
E. Computational Model

Physical Phenomena
The dominant heat transfer and fluid dynamics phenomena involved in the generation of thermal tufts are shown in the schematic in Figure 2 . The incident radiation of the laser beam is used to heat a small volume of the test sample. The amount of heat absorbed by the test sample is dependent upon the absorptivity of the liquid crystal sample. Heat is transferred away from the high-temperature region through two primary methods. The undesirable heat transfer mechanism is due to conduction from the heated spot in a radial direction through the liquid crystals and insulating layer. The size of the heated spot depends on the flow speed of the freestream. As the freestream speed increases, there is greater convection from the liquid crystal sheet, and the extent of the conduction diminishes. A large conduction ring has an adverse effect on the aspect ratio of the tuft. The desirable heat transport mechanism is convection of heat to the freestream. This heat energy is then advected downstream and transfers back to the liquid crystal sample by convection. The liquid crystals downstream of the heated spot respond to the elevated temperature by changing color. This generates the color streak in the liquid crystals that corresponds with the flow direction. This three-dimensional system is difficult to model analytically, but can be effectively modeled numerically, as discussed in the following section.
Icepak / FLUENT
To complement the experimental results and verify the analysis, a numerical model is implemented using the Icepak computer program. Icepak is a FLUENT module specifically designed for electronic component modeling. The goal of the numerical simulation is to model the experimental setup to a reasonable degree of accuracy, and to extract useful heat transfer information from the results. At this stage, the goal is not to produce an accurate tuft length to compare with experimental tufts.
The computational domain (defined as a cabinet in Icepak) measures 25 cm by 16 cm by 25 cm and is open on every face to ambient conditions (T=299 K). A circular fan with diameter of 1.9 cm is used to model the nozzle. The fan induces no swirl, and produces a constant volumetric flow rate of 0.09025 m 3 /s. This corresponds to a freestream velocity of 10 m/s. Three plates model the composite test surface, each plate being 24 cm by 14 cm. The Table 3 . 16, 17 The conductivity of balsa wood is for a cross grain orientation. The material is modeled as an isotropic substance, though it is truly anisotropic.
The laser spot is modeled by a source on the Mylar surface, 12.7 mm downstream and at the centerline of the fan. The source is 0.5 mm in diameter and produces 277 mW of power. This power corresponds to the experimentally measured laser output. In the experiment, not all of the power emitted by the laser is absorbed by test surface. In this model however, it is assumed that all of the laser power is absorbed and converted to thermal energy. This will affect the tuft length, but the general heat transfer characteristics remain the same. The computational mesh has 150038 elements and 155984 nodes. The solution converged in about 200 iterations. The default convergence criterion was used and an under relaxed solution technique was employed.
The numerically generated thermal tuft is shown in Figure 10 (a). The temperature range in Figure 10 corresponds to the temperature range of the thermochromic liquid crystals. The computational tuft is very similar in form to the tufts produced experimentally. There is a ring around the laser spot where conduction dominates and a downstream streak produced by convection. The convection mechanism is described in detail in the physical phenomena section. The tuft length is not relevant since the laser power used to produce it is not replicated in experiment. The amount of laser power absorbed by the liquid crystal layer in the experiments must be determined before the numerical data can be directly compared to the experimental data. Figure 10 (b) shows the effect of the heated spot on the air temperature, with the view being a cross-section of the plate. The composite structure of the model can be seen in the cross-section. It is clear that the air temperature above the laser spot is heated locally above 50ºC. This hot air is then advected downstream, producing the streak in the liquid crystals. The resolution in the wall-normal direction above the spot is low because the grid in this region is coarse. A course grid in this region was chosen to reduce the computational time required for convergence.
F. Temperature-Sensitive Paint Results
Temperature-sensitive paint (TSP) was evaluated as an alternative to thermochromic liquid crystals (TLC). The primary advantage of TSP over TLC is expanded bandwidth. The temperature range of liquid crystals is typically limited to about 5°C. Temperature-sensitive paint, however, has a much higher bandwidth -often spanning over several hundred degrees. The enhanced bandwidth characteristics allow the experimentalist to record both the very high-temperature region at the laser spot, as well as the temperature at the end of the tuft which is just above ambient. Another advantage of TSP is the fact that an arbitrary temperature range is available. Thermochromic liquid crystals must be tailor-made for a specific temperature range, but TSP allows for a flexible temperature range when used with thermal tufts. The disadvantages of the TSP technique are that a scientific-grade CCD camera is required, an ultraviolet light source is required for paint excitation, and both wind-on and wind-off images must be acquired in order to compute an intensity ratio of the image pair. The temperature-sensitive paint experiments largely parallel the development with the thermochromic liquid crystals. Thus, only example results will be shown to demonstrate the concept. Typical TSP results of a thermal tuft are shown in Figure 11 . For this test, the TSP was applied directly to a section of gray tape. The tape served as a layer designed to absorb thermal energy from the incident laser light. The gray tape was mounted over an air gap, an alternative to the insulating layers evaluated earlier. The air gap was used because its thermal conductivity is very low (0.02624 W/m/K). 17 Although an air gap produces excellent tufts, the use of this as an insulator on a typical model in a wind tunnel facility is impractical. Notice that the aspect ratio of the tuft is excellent -due in part to the use of an air gap insulator, and the high bandwidth of TSP. Tufts with high aspect ratio were obtained with other insulating layers, even aluminum sheeting. This indicates that the large bandwidth of temperature-sensitive paint is highly advantageous.
G. A New Concept: Thermally Ablative Tufts
As testing progressed with temperature-sensitive paint on gray tape, one interesting variation was discovered. When high power from the incident laser was used, the tape often melted in the region of the laser spot. This was also observed with the thermochromic liquid crystals, when laser energy over 100 mW melted the Mylar layer. The interesting feature with the TSP and gray tape, however, is that the molten tape would often be transported downstream of the laser spot. As the molten tape moved downstream, it would permanently change the intensity characteristics of the temperature-sensitive paint by removing or covering the TSP dye. This effectively created a permanent tuft that indicates flow direction. The downstream transport of molten tape would often take several minutes to complete.
Thus, this is a steady flow visualization technique.
The most valuable aspect of this thermal ablation is the high aspect ratio of the tufts that it generates. The width of the tuft is on the order of the laser spot diameter (less than 1 mm), but the transport length is approximately 10 to 20 diameters long, depending on flow velocity. One striking example of the ablative tuft technique is shown in Figure  12 . The laser spot was traversed to eight independent, equally-spaced locations along the TSP surface. The line of laser spots was perpendicular to the axis of the impinging jet. The spread of the jet impinging on the plate is clearly visible. Also striking is the varying length of the ablative tufts, representing regions of varying velocity. Since thermal ablation is involved, and the intensity characteristics of the paint are changed, the ablative tufts produce a permanent change in the paint layer. The thermally ablative tuft may have application to wind tunnel tests where a permanent record of flow velocity and direction is desired, which can be examined and recorded closely after a run has been completed.
Conclusion
This work has demonstrated the utility of thermal tufts as a flow visualization technique. Various substrate materials were qualitatively evaluated for suitability; cardboard, balsa, and plywood provided the best results since they are materials with low thermal conductivity. The variation of tuft length with laser power and flow velocity was characterized, with the tufts demonstrating a logarithmic relationship between laser power and tuft length. The thermal tuft technique was applied to the visualization of natural convection and flow separation / reattachment phenomena. Furthermore, a computational model was developed that may be used to evaluate the tuft response to parameters such as laser power, substrate material, substrate thickness, flow velocity, or angle of attack. The thermal tuft technique was also extended to temperature-sensitive paints, which provided better visualization results due to the high bandwidth of TSP. Finally, a new variation of the thermal tuft technique was developed, based on the ablation and downstream transport of molten substrate material. Thus, the laser-induced thermal tuft technique is an excellent alternative to traditional flow visualization techniques in ground-testing environments. 
